Carbothermal reduction and nitridation of ilmenite concentrates of different grades and synthetic rutile were studied in isothermal experiments in hydrogen -nitrogen gas atmosphere and pure nitrogen in a tube reactor. Concentrations of CO and CO2 in the off gas were measured online using infrared gas analyser. The reaction products were analysed by X-ray diffraction. Iron oxides in ilmenite concentrates were reduced to metallic iron, and titanium oxides were converted to titanium oxycarbonitride. Reduction of ilmenite concentrates and synthetic rutile in hydrogen containing gas was significantly faster than in pure nitrogen. The rate of conversion of titania to titanium oxycarbonitride in the 50 vol% H2-50 vol% N2 gas mixture decreased with increasing grade of ilmenite concentrate. In nitrogen, reduction of synthetic rutile was faster than reduction of ilmenite concentrates.
Introduction
Production of titania white pigments and metal titanium includes processing of titanium minerals to titanium tetrachloride. Chlorination of titanium dioxide is carried out at high temperatures of 800-1 100°C, and involves the use of petroleum coke (250-400 kg/t TiO2) as the reducing agent. Titanium tetrachloride is mainly produced in a fluidised bed reactor; this technology requires minerals of high quality, with low impurities level, which are processed prior to chlorination to synthetic rutile or TiO2-rich slag.
Titanium oxycarbide and oxycarbonitride can be chlorinated at low temperatures. Mostert et al. 1, 2) reported that carbonitride produced by reduction/nitridation of titanium oxide from ilmenite and titanium slag was chlorinated at 200-500°C. In the low temperature chlorination, impurityoxides do not chlorinate or chlorinate slowly. [3] [4] [5] [6] [7] This permits selective chlorination of titanium oxycarbonitride, decreases the chlorine consumption and waste generation, and makes the whole technology of ilmenite processing more efficient and environmentally friendly.
Synthesis of titanium oxycarbide and oxycarbonitride by carbothermal reduction of rutile was reported previously. [8] [9] [10] [11] It was shown that gas atmosphere had a significant effect on the rate of reaction. Conversion of rutile to titanium oxycarbonitride occurred at lower temperature and higher rate in comparison with production of oxycarbide. 10, 11) This stimulates a further study of synthesis of titanium oxycarbonitride from ilmenites.
Carbothermal reduction of ilmenites of different grades and synthetic rutile in argon, helium and hydrogen was examined by Dewan et al. 12, 13) Zhang and Ostrovski [14] [15] [16] [17] examined reduction of rutile and ilmenites by methanecontaining gas. In the reduction of ilmenites, iron oxides were reduced to metallic iron and titanium oxides to titanium oxycarbide. No systematic study of reduction of these oxides in nitrogen-containing gas atmosphere was found in literature, although reduction of rutile in nitrogen was reported. 10, 11, [18] [19] [20] [21] [22] [23] [24] [25] This paper investigates the carbothermal reduction of ilmenites of different grades and synthetic rutile in the H2-N2 gas mixture and pure nitrogen at different temperatures. Ilmenites of different grades contain different amounts of iron and titanium oxides. The aim of this paper is to examine the carbothermal reduction of iron and titanium oxides from ilmenite concentrates under different conditions.
Experimental
The ilmenite concentrates and synthetic rutile were supplied by Iluka Resources Limited, Western Australia. Their chemical composition is given in Table 1 . Ilmenite concentrates of different grade are distinguished by titanium and iron contents: iron concentration was the highest (30.5 wt% Fe) and titanium concentration was the lowest (53.9 wt% TiO2) in the primary ilmenite, while synthetic rutile contained only 2.80 wt% total iron and 92.5 wt% TiO2. Main phases in primary ilmenite were ilmenite FeTiO3 and pseudorutile Fe2Ti3O9, while higher grade HYTI 70 ilmenite also contained rutile. Rutile (TiO2) was the major phase in the synthetic rutile. Chemical analysis showed that synthetic rutile contained 12.1 wt% Ti2O3. Some particles of synthetic rutile also contained metallic iron, which was identified in optical images and confirmed by Energy-dispersive X-ray spectroscopy (EDS) analysis. Optical images of all three ilmenite concentrates were similar and different from that of synthetic rutile, which had much higher porosity than ilmenites.
9) The particle size for all ilmenite concentrates and synthetic rutile was in the range of 50 to 300-400 μm, with an average size of 152, 180 and 181 μm for primary ilme- purity, particle size < 20 μm) were wet mixed and pressed into cylindrical pellets. Excess amount of carbon was added in the ilmenite (synthetic rutile) -graphite mixtures relative to the stoichiometric amount needed to reduce titanium oxides to titanium carbide, and iron and manganese oxides to metallic state. The contents of other oxides were very low, and they were considered to be unreducible under given experimental conditions. The pressing pressure for making pellets was 400 MPa. The pellets with a mass of about 2 g were 8 mm in diameter and about 12 mm high, with a density of 3.3 g/cm 3 . Reduction of ilmenite concentrates and synthetic rutile by graphite in H2-N2 and N2 gases was studied in a laboratory fixed bed reactor in a vertical tube electric furnace. Experimental set-up and gas system were presented elsewhere.
8) The gases used in the investigation were of 99.999% purity. The outlet gas was analysed online by an infrared CO/CO2/CH4 analyser (Advanced Optima AO2020, ABB, Ladenburgh, Germany). The total gas flow rate was maintained at 1.5 NL/min.
The reduced pellets were analysed by X-ray diffraction (XRD) with Philips X'Pert-Pro MPD diffractometer (PANalytical, Lelyweg, Netherlands) and CuKα radiation. Oxygen, nitrogen and carbon contents in reduced samples were determined using LECO analyses (TC-436DR oxygen and nitrogen analyser and CS-444 carbon and sulphur analyser).
The extent of reduction (X) was defined as a fraction of oxygen in titanium, iron and manganese oxides removed in the course of reduction, and was calculated from the off-gas composition and the composition of reduced samples by LECO analysis as described previously. 12) When titanium suboxides were undetectable in the reduced samples by XRD, it was assumed that the only titanium-containing compound was titanium oxycarbonitride; its composition was calculated using oxygen, nitrogen and carbon concentrations from the LECO analyses. The molar fractions of titanium monoxide TiO, carbide TiC and nitride TiN in the titanium oxycarbonitride are defined with the notation TiOxCyNz. The extent of nitridation XN was defined as the fraction of titanium which was present as nitride (TiN) in the titanium oxycarbonitride.
The error of measured oxygen content by LECO analysis depends on the residual oxygen content in the reduced sample. For a sample with extent of reduction 90%, the error was about 0.1%, which gave an error in the extent of reduction 0.3%. The overall error of the final extent of reduction which also includes errors in a sample weighing and gas flow rate was estimated to be less than 1%.
Results and Discussion

Isothermal Reduction of Ilmenite Concentrates
Isothermal reduction of ilmenite concentrates was studied in the H 2 -N 2 gas mixture at 950-1 300°C and in nitrogen at 1 300°C.
Reduction curves for primary ilmenite obtained in the 50 vol% H 2 -50 vol% N 2 gas mixture at 950-1 300°C are presented in Fig. 1 . The molar ratio of carbon to oxygen in titanium, iron and manganese oxides was 1.43 in these experiments. The reduction curves were plotted using experimental data on CO and CO 2 evolution. Evolution of H 2 O was small due to Reaction (1) above 700°C.
The equation for the standard Gibbs free energy for Reaction (1) was derived using NIST-JANAF Thermochemical Tables 26) in the temperature range of 1 027-1 527°C. The calculated equilibrium H 2 O content in the gas containing 1 vol% CO and 50 vol% H 2 at 950°C is about 100 ppm; it decreases further with increasing temperature to 60 ppm at 1 000°C and 10 ppm at 1 200°C. Only a low level of H 2 O was detected by a dew point monitor for a short period after Equivalent content of all titanium suboxides. commencement of experiments, which was ignored in the calculation of the extent of reduction. Reaction (1) was much faster than reactions of H2O formation by reduction of oxides with hydrogen. Gas shift reaction H2O + CO = H2 + CO2 also could remove water vapour from the gas phase followed by further reaction of CO2 with C to form CO, with overall reaction presented by Eq. (1). XRD spectra of the samples after reduction for 180 min are presented in Fig. 2 ; LECO analysis of these samples and their composition are summarised in Table 2 .
At 950°C, extent of reduction of primary ilmenite was 39% after 80 min and increased to 48.6% after 180 min; titanium oxycarbonitride was not formed at this temperature, but was detected in the XRD spectrum of the sample reduced at 1 000°C. Titanium sub-oxides disappeared from the XRD spectra of the sample reduced at 1 100°C. Samples reduced at 1 100-1 300°C in the H2-N2 gas mixture for 180 min consisted of metallic iron, titanium oxycarbonitride and excess graphite. Concentration of impurities of unreduced oxides was below a level detectable by XRD. Extent of reduction and nitridation increased with increasing temperature. Titanium oxycarbonitride obtained at 1 300°C was, actually, carbonitride. Conversion of titania to Ti(O,C,N) at this temperature was completed in 60 min.
Extent of reduction of primary ilmenite by carbon in nitrogen and by hydrogen in the H2-N2 gas mixture at 1 300°C is presented in Fig. 3 . LECO analysis and phase composition of primary ilmenite reduced in nitrogen at 1 300°C and by hydrogen in the H2-N2 gas mixture without carbon at the same temperature are also presented in Table  2 .
Carbothermal reduction of primary ilmenite in nitrogen at 1 300°C was incomplete. A sample after reduction for 180 min contained Ti3O5 together with titanium oxycarbonitride and iron. The degree of reduction was only 68.9%, much lower than in the H2-N2 gas; nitridation of this sample was also lower, 43.6%.
In the reduction test without addition of graphite, the extent of reduction by hydrogen in the H2-N2 gas was less than 50% (Table 2) . Iron oxides were reduced to metallic iron. Titania was mainly converted to Ti3O5, with only weak titanium oxynitride peaks detectable in XRD analysis; extent of nitridation was 22.2%.
Isothermal Reduction of Synthetic Rutile
Reduction of synthetic rutile was studied in the 50 vol% H2-50 vol% N2 gas mixture in the temperature range of 1 000-1 300°C, and in nitrogen at 1 300°C. In reduction experiments in the H2-N2 gas mixture, two rutile-graphite mixtures with different carbon to oxygen ratio were examined. Reduction curves in the H2-N2 gas mixture at 1 000-1 300°C for carbon to oxygen molar ratio of 1.30 and 1.45 are presented in Figs. 4 and 5, respectively. Results of LECO analysis and phase composition by XRD analysis of the reduced samples are given in Table 3 (for C:O = 1.30) and Table 4 (for C:O = 1.45).
The effect of the C:O ratio in the rutile-graphite mixture on the extent of reduction of synthetic rutile was quite minor at 1 000°C, and increased with increasing temperature. After reduction at 1 000°C for 180 min the extent of reduction was 35.7% for C:O ratio 1.30 and 36.8% for C:O ratio 1.45. XRD analysis detected metallic iron and Ti 3 O 5 ; no peaks of titanium oxycarbinitride were observed, although low content (≤0.5 wt%) of nitrogen was determined in both samples. Titanium oxycarbonitride peaks appeared in the XRD spectra of both samples reduced at 1 100°C, and were much stronger in the sample with higher C:O ratio. For synthetic rutile reduced at 1 100°C with C:O ratio 1.30, the extent of reduction after 180 min reaction was 45.4% and the extent of nitridation was only 15.3%. In the reduction of synthetic rutile with C:O ratio 1.45, the extent of reduction was 54.3% and the extent of nitridation was 38.1% after the same reaction period. Reduction rate increased significantly when temperature increased above 1 100°C. Ti 3 O 5 peaks disappeared in the XRD spectrum of synthetic rutile reduced with C:O ratio 1.30 at 1 300°C. When C:O ratio was 1.45, the suboxide peaks was undetectable even at 1 150°C. At 1 300°C, the conversion of synthetic rutile to Ti(O,C,N) and iron was completed in 60 min for C:O ratio 1.30 (X = 88%) and 40 min for C:O ratio 1.45 (X = 96%). The extent of reduction of synthetic rutile by carbon in nitrogen and by hydrogen in the H 2 -N 2 gas mixture (without addition of carbon) at 1 300°C is presented in Fig. 6 . The results of LECO analysis and phase composition of the reduced samples are presented in Tables 3 and 4 , correspondingly. Without addition of carbon, reduction of synthetic rutile by hydrogen in the H 2 -N 2 gas mixture was faster and to the higher degree (29%) than of pure titania (25.8%). The major phase of synthetic rutile after reduction by hydrogen was Ti 3 O 5 ; a low content of nitrogen equivalent to 4% nitridation was detected by LECO, although no oxycarbonitride phase was detected by XRD. Carbothermal reduction in nitrogen reached 72.9% with X N = 49.5% when C:O was 1.30, and 86.1% with X N = 61% when C:O was 1.45. The XRD patterns showed presence of small amount of Ti3O5 phase in the sample reduced with C/O ratio 1.3, however reduction was complete with higher C/O ratio.
Effect of Ilmenite Grade on the Rate of Carbothermal Reduction
Reduction curves obtained for primary ilmenite, HYTI70 and synthetic rutile in the H2-N2 gas mixture at 1 100°C and 1 300°C are presented in Figs. 7 and 8 , respectively. Reduction rate decreased with increasing ilmenite grade; reduction of primary ilmenite was the fastest while reduction of synthetic rutile was the slowest.
The difference in the reduction of ilmenites of different grade was more noticeable at 1 100°C than at 1 300°C. At 1 100°C, the extent of reduction after 180 min reached 89% for primary ilmenite and 87% for HYTI70, while synthetic rutile was reduced only to 54%. The extent of nitridation decreased from 76 % for primary ilmenite to 38% for synthetic rutile. XRD analysis showed essentially complete conversion of titanium oxides in primary and HYTI70 ilmenites to titanium oxycarbonitride, while significant amount of Ti3O5 was present in the reduced synthetic rutile. At 1 300°C, the extents of reduction and nitridation of ilmenites of different grade and synthetic rutile were close. Extent of reduction was in the range 99-96% decreasing from primary ilmenite to synthetic rutile; extent of nitridation varied from 89% for primary ilmenite to 78% for synthetic rutile. No titanium suboxide peaks were detectable in XRD spectra of all three samples reduced at 1 300°C.
Reduction curves for ilmenites and synthetic rutile obtained in experiments in nitrogen at 1 300°C are plotted in Fig. 9 . The reduction rate in nitrogen was lower than in the H2-N2 gas mixture; reduction of synthetic rutile in nitrogen was the fastest while the reduction of primary ilmenite was the slowest.
The role of gas atmosphere in carbothermal reduction of rutile was discussed previously. 11) In the carbothermal reduction of rutile in H2 or H2-N2 gas mixture, methane is formed by reaction of hydrogen with carbon. Conversion of Ti2O3 to titanium oxycarbide 8) or Ti3O5 to titanium oxycarbonitride 11) proceeds through CH4. Difference in the reduction rate between ilmenites of different grades can be attributed to two major factors: content of iron oxide in the concentrates and the concentrates' morphology. It is well established that iron catalyses methane decomposition. Iron also catalyses the methane formation according to the catalysis theory. The reaction of methane formation catalysed by iron had a significant effect on the rate of titania conversion. This factor determines the difference in the rate of reduction of ilmenites of different grades and synthetic rutile in the H2-N2 gas mixture, particularly at 1 100°C. Donnelly et al. 27) demonstrated that metallic iron acts as a catalyst in carbon gasification by CO2 promoting the reduction of titania in ilmenite. Iron content in synthetic rutile was low; its role in carbon gasification in the reduction of rutile was quite minor.
The porosity of the ilmenite concentrates and synthetic rutile and its change in the process of reaction is the second significant factor affecting the reaction rate. Porosity of ilmenites increases in the process of natural weathering of the ilmenite ores. SEM images of ilmenites of different grades and synthetic rutile were presented elsewhere.
9) Synthetic rutile, which was produced by the Becher process, had the highest porosity. This factor had a prevailing effect on the reduction of ilmenites in nitrogen, when reduction of iron oxides was relatively slow. The rate of reduction of ilmenites in nitrogen increased with increasing grade of ilmenite ore and was the highest in the reduction of rutile.
When ilmenite ore was reduced in the H 2 -N 2 gas mixture, hydrogen reduced iron oxides increasing the ore porosity with a positive effect on reduction of titanium oxides. Porosity also explains the decreasing difference in the reduction Fig. 7 . Extent of reduction of primary ilmenite, HYTI70 and synthetic rutile in H2-N2 gas mixture at 1 100°C. Fig. 8 . Extent of reduction of primary ilmenite, HYTI70 and synthetic rutile in H2-N2 gas mixture at 1 300°C. Fig. 9 . Extent of reduction of primary ilmenite, HYTI70 and synthetic rutile in 100 vol% N2 gas at 1 300°C.
rate of ilmenites of different grade in the H2-N2 gas with increasing temperature, when catalytic effect of iron was weakening.
Conclusions
Carbothermal reduction and nitridation of ilmenite concentrates and synthetic rutile was studied in the H2-N2 gas mixture and in nitrogen in isothermal experiments at 950-1 300°C. Ilmenite concentrates and synthetic rutile were reduced to metallic iron and titanium oxycarbonitride. The rate and extent of reduction and nitridation were affected by temperature, gas atmosphere and composition of the ilmenite concentrate (concentration of iron and titanium oxides).
Carbothermal reduction of all titanium sources was faster in the H2-N2 gas mixture than in nitrogen. Rate and extent of conversion of titanium oxides to Ti(O,C,N) increased with increasing temperature.
The rate of reduction in the H2-N2 gas mixture increased with decreasing ilmenite grade; reduction of primary ilmenite was the fastest, while reduction of synthetic rutile was the slowest. The opposite trend was observed in the reduction experiments in nitrogen: primary ilmenite was reduced with the lowest rate, while reduction of synthetic rutile was the fastest.
The conversion of primary ilmenite into iron and titanium oxycarbonitride at 1 150°C was completed in 120 min; it was decreased to 60 min at 1 300°C. Increasing reduction temperature increased TiN and TiC contents in the synthesised oxycarbonitride.
Increase in the C:O ratio in the synthetic rutile-graphite mixture increased the rate and extent of reduction. Reduction of synthetic rutile with C:O ratio 1.30 at 1 200°C was incomplete after 180 min reaction. When C:O ratio increased to 1.45, conversion of titania to titanium oxycarbonitride completed at 1 150°C. At 1 300°C the reduction was completed in 60 min, although the extent of reduction was lower than in reduction of primary ilmenite.
In reduction of ilmenite concentrates by hydrogen in the H2-N2 gas mixture at 1 300°C in the absence of carbon, iron oxides were reduced to metallic iron and titania to Ti3O5. Small amount of titanium oxynitride was also detected in reduced samples.
